Abstract Human disease caused by parasitic filarial nematodes is a major cause of global morbidity. The parasites are transmitted by arthropod intermediate hosts and are responsible for lymphatic filariasis (elephantiasis) or onchocerciasis (river blindness). Within these filarial parasites are intracellular alpha-proteobacteria, Wolbachia, that were first observed almost 30 years ago. The obligate endosymbiont has been recognized as a target for anti-filarial nematode chemotherapy as evidenced by the loss of worm fertility and viability upon antibiotic treatment in an extensive series of human trials. While current treatments with doxycycline and rifampicin are not practical for widespread use due to the length of required treatments and contraindications, anti-Wolbachia targeting nevertheless appears a promising alternative for filariasis control in situations where current programmatic strategies fail or are unable to be delivered and it provides a superior efficacy for individual therapy. The mechanisms that underlie the symbiotic relationship between Wolbachia and its nematode hosts remain elusive. Comparative genomics, bioinfomatic and experimental analyses have identified a number of potential interactions, which may be drug targets. One candidate is de novo heme biosynthesis, due to its absence in the genome sequence of the host nematode, Brugia malayi, but presence in Wolbachia and its potential roles in worm biology. We describe this and several additional candidate targets, as well as our approaches for understanding the nature of the host-symbiont relationship.
Introduction to filariasis
Filariasis affects over 150 million people in more than 80 countries, with over 1 billion at risk of infection (Molyneux et al. 2003) . The causative agents are parasitic filarial nematodes, which induce lymphatic filariasis (LF) and onchocerciasis (river blindness). The species responsible for human lymphatic filariasis are Wuchereria bancrofti, Brugia malayi and B. timori, while human onchocerciasis is caused by the related filarial nematode, Onchocerca volvulus. The life cycle of these parasites requires an arthropod vector; in the case of LF it is transmitted by both anopheline and culicine mosquitoes whereas O. volvulus is transmitted by blackflies (Simulium species) (Bogitsh and Cheng 1998; Muller 2002) . Adult worms can live for over a decade and are ovoviviparous, releasing millions of fully formed microfilariae (1st stage larvae) into the blood (LF) or the skin (onchocerciasis). Microfilariae are acquired by the insect vector during a blood meal and migrate from the midgut to the thoracic musculature where they develop into third stage larvae. These larvae then migrate to the proboscis from where they can infect another human via the insect bite wound resulting from a subsequent blood feed. The larvae enter the lymphatics (LF) or subcutaneous tissues (onchocerciasis) and molt twice more as they develop into adults.
Lymphatic filariasis is a disease associated with swellings of the limbs (lymphodema, that can lead to elephantiasis) and scrotal sac (hydrocoele) as a result of damage and dysfunction of the lymphatics. Onchocerciasis (river blindness) presents in sub-cutaneous and deeper tissues as fibrous nodules in which the adult worms reside, skin lesions as a result of inflammation to dead microfilariae, and blindness when microfilariae invade the cornea leading to keratitis, retinal lesions and atrophy of the optic nerve. In general, filarial infections cause little direct mortality but are both disfiguring and debilitating and cause much morbidity and economic loss in endemic countries.
Rediscovery of the Wolbachia endosymbiont of filarial nematodes
Bacterial-like structures resembling rickettsiales or chlamydiae were first observed in filarial nematodes in the 1970's by electron microscopy (McLaren et al. 1975; Kozek 1977; Kozek and Marroquin 1977) , but were then largely overlooked for the next 20 years. The Filarial Genome Project, established in 1994, and funded by the World Health Organization (WHO/Tropical Disease Research/United Nations Development Programme/ World Bank) was one of a small number of projects that simultaneously led to the rediscovery of nematode Wolbachia. Genomic and cDNA sequencing from B. malayi, as part of the WHO initiative, revealed bacterial like sequences which were initially considered cloning contaminants. However, it was soon realized that these sequences were most closely related to the Rickettsiales, and subsequently shown to be from Wolbachia (Williams et al. 2000) which had been taxonomically identified as the endosymbiont within the filarial nematode Dirofilaria immitis (dog heartworm) (Sironi et al. 1995) . Wolbachia endosymbionts have now been identified in most filarial nematode species including Brugia spp. and W. bancrofti, the causative agents of LF, and in O. volvulus, the agent responsible for onchocerciasis (river blindness) (Taylor et al. 2005) .
Wolbachia bacteria were first identified in insects almost 100 years ago. In their arthropod hosts (insects, mites, spiders, isopods), Wolbachia are maternally inherited and exhibit a parasitic lifestyle associated with reproductive manipulations such as cytoplasmic incompatibility (spermegg incompatibility), parthenogenesis, feminization and male killing (Werren 1997; Bandi et al. 2001a; Werren et al. 2008) . These phenomena are adaptive for Wolbachia and enhance the production of infected females. Wolbachia have been considered as a driving force in evolution likely responsible for reproductive isolation in insects, and potentially useful for sterilization of agricultural pest populations or for reducing insect-borne parasitic disease load (eg.
Wolbachia in arthropods and nematodes
Wolbachia are currently divided into at least seven supergroups and a number of additional lineages (Lo et al. 2002; Casiraghi et al. 2005; Baldo and Werren 2007; Bordenstein et al. 2009 ). This classification is based mostly upon ribosomal, ftsZ and Wolbachia surface protein (wsp) sequence analysis and a multilocus sequence typing strategy. Among the seven supergroups, two are solely comprised of Wolbachia from nematode hosts (supergroups C and D), while four supergroups (A, B, E, H) only contain Wolbachia from arthropods. Phylogenetic analysis suggests that transfer of Wolbachia, either from arthropods, where they were parasitic, to nematodes, where they became obligate, or vice versa, occurred about 100 mya, after the divergence of nematodes and arthropods (600 mya) ). An additional supergroup (F) has both arthropod and nematode members, suggestive of a second, much more recent, horizontal transfer between the two host phyla (Casiraghi et al. 2005) . However, positioning of the root of the Wolbachia phylogeny and determination of the ancestry of reproductive parasitism and mutualism both appear unresolvable issues with the currently available Wolbachia data sets and the lack of appropriate outgroups (Bordenstein et al. 2009 ).
It has been proposed that Wolbachia comprise one species, Wolbachia pipientis (Lo et al. 2007 ), but due to the observations that Wolbachia in filarial nematodes appear to be obligate symbionts whereas in arthropods they are generally reproductive parasites, the one species designation may be only semantic (Pfarr et al. 2007b ). In addition, there is considerable phenotypic variation among the arthropod Wolbachia, and Wolbachia genomes are of variable size and their gene orders highly scrambled (Sun et al. 2001; Foster et al. 2005; Werren et al. 2008; Ishmael et al. 2009 ). However, all Wolbachia share the commonality of being maternally transmitted, although in arthropods there is considerable evidence of lateral transfer among sympatric arthropod species (Heath et al. 1999; Werren et al. 2008) .
Wolbachia presence in nematodes appears to be limited to the subfamilies Onchocercinae and Dirofilariinae, within the Onchocercidae family of filarial worms, with the great majority of examined species being infected (Casiraghi et al. 2004) . A report of Wolbachia in metastrongylid nematodes of the genus Angiostrongylus (Tsai et al. 2007 ) appears unreliable and most likely results from sample contamination ). An intriguing situation exists in the plant-parasitic tylenchid nematode Radopho-lus similis, from which DNA sequences most closely matching Wolbachia have been identified (Jacob et al. 2008; Haegeman et al. 2009 ). However, the DNA sequences are highly divergent from the known Wolbachia supergroups, and no gene encoding the diagnostic Wolbachia surface protein could be recovered. Similarly, the antiserum used for immunostaining was a polyclonal raised against whole Wolbachia from arthropods, which would be expected to react with other bacteria. Indeed, the tissue distribution and morphology of the identified bacteria were quite unlike those known for Wolbachia in filarial nematodes. Therefore, the authors leave open the question of whether the bacterium they report might represent a new species and further studies to directly link the DNA sequences with the observed bacterial-like structures are required.
In adult male and female filarial nematodes, Wolbachia are predominantly found within the lateral cords (invaginations of the body wall hypodermis), as well as in ovaries, oocytes and developing embryos in females (Fig. 1) . Wolbachia appear to be absent in the male reproductive system. Wolbachia are found within all life-cycle stages, although relative numbers vary between individuals and among different life cycle stages (Fenn and Blaxter 2004a; McGarry et al. 2004) . Wolbachia numbers increase dramatically (∼600 fold) shortly after infection of the mammalian host giving the highest bacteria / worm ratio of all stages. The numbers are maintained in male worms but continue to increase in female worms as they mature and the ovary and embryonic larvae become infected (McGarry et al. 2004 ).
As mentioned above, Wolbachia in arthropods are generally considered reproductive parasites. However, several reports in recent years have uncovered mutualistic features of the symbiotic relationship between Wolbachia and certain arthropod hosts. These include beneficial effects on arthropod fecundity, longevity as well as protection from viral infection and metabolic provisioning during periods of nutritional stress (Dedeine et al. 2003; Alexandrov et al. 2007; Dong et al. 2007; Panteleev et al. 2007; Hedges et al. 2008; Brownlie et al. 2009 ). Importantly, the supergroup F Wolbachia endosymbiont present in the bedbug Cimex lectularius was recently shown to be a bacteriocyte-associated obligate nutritional mutualist. Removal of the bacterium leads to retarded growth and sterility (Hosokawa et al. 2010) . The former distinction between reproductive parasitism in arthropods and obligate mutualism in filarial nematodes appears to becoming increasingly nebulous.
The generally accepted view of the association between Wolbachia and their filarial nematode hosts is one of obligate mutualism. This is based predominantly on i) the congruent phylogenies of the endosymbiont and their nematode hosts indicative of long, stable co-evolution, implying a reciprocal dependence, ii) observations that all individuals of infected species contain Wolbachia, and iii) the detrimental effects of antibiotics such as doxycycline on worm fertility, development and viability (Taylor et al. 2005) . These antibiotics have adverse effects on filarial nematodes that harbor Wolbachia, but not on Wolbachiafree filaria, confirming that the anti-filarial properties are mediated through Wolbachia.
Wolbachia as a target for filariasis control
The principle of treating filarial disease through antibiotic treatment is well established by multiple studies reporting anti-filarial effects of antibiotics such as doxycycline or rifampicin on worms maintained in vitro, or in vivo, including several clinical trials in humans (Taylor et al. 2005; Bazzocchi et al. 2008; Hoerauf et al. 2008; Supali et al. 2008; Coulibaly et al. 2009; Mand et al. 2009; Wanji et al. 2009 ). Adverse effects include inhibition of nematode embryogenesis, infertility, inhibition of larval development, stunting of adult worms and macrofilaricidal (adult worm killing) activity. These effects correlate with clearance of Wolbachia from worm tissues and indicate that the bacterium provides essential function to the host nematode that allows correct development and viability. Furthermore, it has not been possible to produce viable worms that are totally "cured" of their Wolbachia. Previous strategies for treatment of filarial infections have had limited effect upon adult worms, which can persist in humans for 10 years or more. Adults mate and give rise to microfilaria within the mammalian host enabling continuation of the infection cycle by arthropod uptake. Macrofilaricides are therefore of practical importance. Control programs rely on sustained delivery of antiparasitic drugs, such as DEC (diethylcarbamazine), albendazole, and ivermectin, which have been the mainline drugs of choice for filariasis control. However, these drugs are not effective adulticides and repeated community-wide doses are required to suppress microfilarial production and reduce transmission. In addition, the possibility of drug resistance, as observed with intestinal helminths in animals, is a growing concern Eng et al. 2006; Bourguinat et al. 2007; Osei-Atweneboana et al. 2007) . No new drugs against filariae with good efficacy and safety profile have been developed in over 20 years, and there is a need for drugs that permanently sterilize or kill adult worms.
The antibiotic approach of targeting Wolbachia endobacteria for filariasis control has been successfully demonstrated in humans through drug trials with doxycycline or rifampicin. Long-term sterilization, as well as adult worm killing of O. volvulus, and lymphatic filarial nematodes (B. malayi and W. bancrofti) occurs using typically three to eight-week courses of antibiotic Taylor et al. 2005; Hoerauf et al. 2008; Specht et al. 2008; Supali et al. 2008; Mand et al. 2009; Turner et al. 2010) . However, the antibiotic treatments used in these studies are of long duration and are contra-indicated for children under eight years old and for pregnant or breastfeeding women. Discovery of additional drugs active against Wolbachia without these contraindications is imperative. An analysis of Wolbachia genome sequences and symbiotic mechanisms is predicted to contribute to the development of new candidate drug targets.
Genome sequencing of the B. malayi Wolbachia endosymbiont
Careful analysis of genomic sequences is expected to facilitate identification of potential targets and aid elucidation of the symbiotic mechanisms underlying the Wolbachianematode association, which in turn will also contribute to the target identification approach. To date the only completed Wolbachia genome from any filarial nematode is that from B. malayi (Foster et al. 2005 ). The nuclear genome sequence of B. malayi is also available permitting comparisons of, for example, host and endosymbiont metabolism to highlight likely cases of metabolic provisioning. Very recently, large DNA contigs from genome sequencing projects of O. volvulus and W. bancrofti, both of which contain Wolbachia, and Loa loa, a filarial nematode free of Wolbachia, have been deposited in the NCBI database. These data allow more extensive comparisons of filarial and endosymbiont genomes and cross-species comparisons that can include Wolbachia-free filarial worms.
Genome sequencing of the Wolbachia endosymbiont from B. malayi revealed a 66% A+T rich genome of about 1.1 Mb, potentially encoding 806 open reading frames for functional protein translation (Foster et al. 2005) . The genome contains one copy of each of the ribosomal genes, which are not present in an operon. The genome has an extremely low density of functional genes compared to most other bacteria, and has undergone considerable gene loss in many metabolic pathways. There is a loss of transcriptional regulators, suggesting constitutive expression of most proteins. While most signal transduction systems are also depleted, stress response and heat shock proteins are present. Only a few amino acids can be synthesized while the remainder need to be imported by use of a significant set of proteases and peptidases and degradation/import pathways. Complete pathways for purine and pyrimidine de novo synthesis are present, in contrast to the host worms lack of these pathways. Fatty acid biosynthesis and phospholipid biosynthesis can occur, as can FAD and riboflavin biosynthesis. Biosynthesis of these latter two compounds is absent in B. malayi, which must acquire them from extraneous sources or perhaps from their endosymbiont. Interestingly, oral supplementation of B vitamins to bedbugs depleted of their nutritional mutualistic Wolbachia (supergroup F) rescues their growth and sterility defects (Hosokawa et al. 2010) . Wolbachia has incomplete pathways for biosynthesis of certain vitamins and cofactors such as NAD, biotin, lipoic acid, ubiquinone, folate, pyridoxal phosphate, and Coenzyme A, making them dependent on external sources, such as from the host. Heme biosynthesis can occur in Wolbachia (see below), but not in the host, as the requisite genes are missing. Glutathione biosynthesis can occur, and may facilitate oxidative stress reduction, phosphate uptake or be provisioned to the nematode host.
Glycolysis is probably not operational in Wolbachia since two enzymes (6-phosphofructokinase and pyruvate kinase) are absent but replaced by the gluconeogenic enzyme, fructose-1,6-bisphosphatase and by pyruvatephosphate dikinase (PPDK) which is also predominantly a gluconeogenic enzyme in bacteria. [Of note, PPDK represents an attractive target since it is absent in mammals, which use pyruvate kinase instead]. Thus the glycolytic pathway appears to operate in the reverse direction with a gluconeogenic function. In this scenario, amino acids supplied by the host or as proteolysis products can be used to enter the functional citric acid cycle at several steps, leading to acetyl CoA and then to glyceraldehyde-3-phosphate (G-3-P) via gluconeogenesis. This can then be metabolized by the nonoxidative pentose phosphate pathway to yield the pentoses necessary for biosynthesis of nucleotides and cofactors such as FAD and riboflavin. A lack of sugar transporters and kinases and a lack of lactate dehydrogenases also suggest that these compounds are not utilized for growth.
Functional Type IV secretion genes were identified in the genome sequence, and are generally required for maintenance of endosymbionts within their hosts, and thus likely play a role in the intracellular adaptation. Several ankyrin-repeat-containing proteins (Anks) are predicted and have potential functions that include connection of symbiont cell membranes to the cytoskeleton. In other intracellular bacteria, Anks are frequently secreted into the host cell via the Type IV secretion system and act as effector proteins important for infection of the host cell (Pan et al. 2008) . For example, AnkA from the closely related rickettsial organism Anaplasma phagocytophila is critical for infection of the eukaryotic host cell via activation of the host Abl-1 signaling pathway (Lin et al. 2007 ). AnkA binds chromatin and nuclear proteins of the host cell where it is believed to modulate cell cycle control (Caturegli et al. 2000) . Another interesting protein is a member of the WASP family, which can regulate the formation of actin filaments. The genomic sequence thus reveals molecules that might be involved in the symbiotic relationship and a number of potential targets in Wolbachia biochemistry.
Other genes of interest and approaches towards target identification
The evolutionary distance of Wolbachia from mammals is far greater than that of nematodes, affording opportunities for treating filarial infections by specifically targeting the endosymbiont. A number of targets have been identified by genomic analysis, directed bioinformatic-based discovery and experimental approaches and include membrane proteins, ankyrins, lipoprotein biosynthesis, enzymes of lipid II biosynthesis, heme biosynthesis and the glycolytic enzymes PPDK and cofactor-independent phosphoglycerate mutase among others (Pfarr et al. 2007a; Ghedin et al. 2008; Raverdy et al. 2008; Foster et al. 2009; Henrichfreise et al. 2009; Holman et al. 2009; Wu et al. 2009; Johnston et al. manuscript submitted) .
The A-WOL consortium is also screening compounds and small molecules from a variety of sources, including novel tetracyclines and single agents, and combinations of FDA approved drugs, focused anti-bacterial libraries and larger diversity-based natural product and synthetic compound libraries in whole cell-based assays, nematode in vitro assays and in vivo filarial models. The principal goal is the establishment of anti-symbiotic chemotherapy directed against Wolbachia, compatible with MDA programs for human filariasis and optimizing individual therapy and community based delivery for a more restricted use. For example, in the event of the emergence of drug-resistance to existing treatments in limited populations or as an alternative for individual poor-responders. Several potential "hits" have been identified and are being prioritized for further screening (http://A-WOL.com).
We have initiated interactome studies to aid in the identification of potential functional and interacting molecules. The interactome strategy utilizes Wolbachia proteins expressed as GST fusions, which are then bound to glutathione columns. B. malayi protein extracts are passed though the column and bound "interactors" eluted for subsequent identification by mass spectrometry. We and others are performing microarray experiments to examine filarial and/ or Wolbachia gene expression in different life-cycle stages, during filarial larval molting, and under different doses of doxycycline to help identify changes in expression level in response to antibiotic stress (Ghedin et al. 2009; Strubing et al. 2010 ) (B. Wu, J. Foster, B. Slatko, unpublished results). In addition, proteomic approaches are beginning to be deployed to detect Wolbachia proteins from different filarial lifecycle stages, for example amongst the excreted / secreted proteome of worms maintained in vitro (Bennuru et al. 2009 ).
Heme biosynthesis: a novel candidate Wolbachia drug target
Genomic comparison of Wolbachia (Foster et al. 2005 ) and its B. malayi nematode host ) may provide insight into the metabolic contributions to the mutualistic symbiotic relationship. One such pathway, mentioned earlier, is heme biosynthesis. Heme is an essential cofactor for many proteins including cytochromes, hemoglobins, peroxidases, and catalases that are involved in a wide range of critical biological processes, including oxidative metabolism and electron transport. All but one of the heme biosynthetic genes are present in the Wolbachia genome, with the missing step being protoporphyrinogen-IX oxidase, a step unidentified in many heme-producing gram-negative bacteria. As with other nematodes, the heme biosynthetic pathway is absent in B. malayi (Rao et al. 2005; Ghedin et al. 2007 ), requiring acquisition of heme or intermediates from Wolbachia or salvage from their surroundings. Interestingly, Wolbachia have been shown to enhance fecundity of Drosophila melanogaster reared on an iron-deficient diet (Brownlie et al. 2009 ). Elimination of Wolbachia following antibiotic treatment affects a number of processes in the nematode, which may be related to heme deprivation. This is further suggested by the use of two heme biosynthesis inhibitors, succinyl acetone (SA) and N-methyl mesoporphyrin (NMMP), which target aminolevulinic acid dehydratase (ALAD) and FC, respectively. Treatments with these show effects upon adult and microfilarial worm motility (Wu et al. 2009 ). Furthermore, mitochondrial genes for heme-dependent respiratory chain complexes are up-regulated after depletion of Wolbachia from filarial nematodes, but not after antibiotic treatment of a naturally endosymbiont-free species (Strubing et al. 2010 ).
E.coli heme deficient mutant strains (hemB, hemD and hemH) have been used to perform functional complementation tests with the corresponding cloned Wolbachia enzymes. These assays complement those described above and verify the functionality of the clones tested. For example, an E. coli hemB mutant transformed with a plasmid with no insert DNA fails to grow on LB plates, unless hemin is added to the media. Transformations of the E. coli hemB mutant strain with a functional cloned Wolbachia ALAD insert results in colony growth on LB plates without hemin addition, similar to wild type E. coli growth. Similar complementation was observed for E. coli hemD and hemH mutants using Wolbachia uroporphyrinogen III synthase (UROS) and Wolbachia FC, respectively (Wu et al. 2009 ). Wolbachia ALAD and FC only share 22-34% identities (29-53% similarities) with their human homologues and thus recombinant proteins were assayed for their differential biochemical properties. In both cases, there were significant differences in the biochemistry between the Wolbachia and human homologues, making the Wolbachia heme biosynthetic pathway of interest for drug targeting (Wu et al. 2009 ). Recombinant proteins have been purified, assayed for activity and submitted for aptamer/small molecule screening as part of the A-WOL consortium. RNA aptamers have been identified that selectively bind the Wolbachia proteins but not their human orthologs, and small molecule screening is underway to identify compounds that compete off the bound aptamers together with target high-throughput screening against large diversity based drug libraries.
8 The ferrochelatase gene of B. malayi: a functional lateral gene transfer A peculiar feature of the phylum Nematoda is the apparent absence of de novo heme biosynthesis (Rao et al. 2005) , although the genomic sequence of B. malayi revealed the presence of a potential ferrochelatase (FC) gene , catalyzing the last step in the biosynthetic pathway. It appears that filarial nematodes may be unique among nematodes in possessing this terminal step of heme biosynthesis, as a consequence of a lateral gene transfer (LGT) event. Full-length FC cDNA sequences from B. malayi, O. volvulus, D. immitis and the Wolbachia-free filarial worm Acanthocheilonema viteae have been obtained from adult worm RNA preparations via PCR/RT-PCR/ RACE analyses and the predicted protein sequences are most similar to α-proteobacterial FCs. (B. Wu and B. Slatko, unpublished results) . Surprisingly, phylogenetic analysis shows that the filarial FC genes did not originate from Wolbachia, which possesses a fully functional heme biosynthetic pathway, but most likely from an α-proteobacterium belonging to the order Rhizobiales.
The full-length B. malayi FC gene contains 9 exons spanning across a ∼4 kb genomic region. The first exon encodes a 36 aa N-terminal pre-sequence, which is generally not present in bacterial FCs and contains a putative mitochondriontargeting peptide, as predicted by TargetP. The signature residues required for catalysis are strictly conserved, suggesting the predicted filarial FC proteins are functional enzymes and this was confirmed by both E. coli complementation tests and in vitro enzyme assays. Heterologous expression in C. elegans demonstrated that the N-terminal pre-sequence is required for mitochondrial targeting. In all non-plant eukaryotes possessing the heme biosynthetic pathway, FCs are mitochondrial-resident enzymes, so this result agrees with a role for the filarial FCs in heme biosynthesis. Wild type C. elegans larvae are required to salvage heme for development into adulthood due to total absence of heme biosynthetic capability. However, BmFc transgenic C. elegans larvae can utilize the heme precursor protoporphyrin IX, further demonstrating that filarial FCs are fully functional enzymes. Ex vivo A. viteae and Wolbachia-depleted B. malayi motility and viability assays in the presence of the FC specific inhibitor NMMP also suggest that this filarial FC might be essential for parasite survival (B. Wu, B. Slatko, L. Ford and M. Taylor unpublished results). Since A. viteae lacks the Wolbachia endosymbiont, this observation implies that the anti-filarial effect of NNMP is due to inhibition of the FC of Rhizobial origin encoded by the nematode nuclear genome. In Wolbachia-dependent filarial worms, the endosymbiont FC is a second target for NNMP. This is the first case of a functional lateral gene transfer event in animal parasitic nematodes and reinforces our suggestions that heme biosynthesis is a targetable option for anti-filarial chemotherapy.
9 Do lateral gene transfers play a role in Wolbachia evolution and symbiosis?
Wolbachia DNA has been identified in the nuclear genomes of endosymbiont-dependent parasites (Fenn et al. 2006; Hotopp et al. 2007 ). In these cases, the inserted genes and gene fragments are all degenerated and incapable of encoding protein that would match the corresponding protein encoded by the Wolbachia genome. This now appears to also be the case for certain filarial species that are naturally endosymbiont-free, indicating that the ancestors of these species contained Wolbachia. "NextGen" 454 DNA sequencing of two distantly related Wolbachia-free filarial species, A. viteae and O. flexuosa identified 45 and 92 genomic contigs, containing 49 and 114 Wolbachia gene fragments, respectively (McNulty et al. 2010) . Many of these sequences show insertions and/or truncations relative to the functional homolog, non-synonymous nucleotide substitutions, frameshift mutations and premature stop codons suggestive of a lack of selection pressure for maintaining their functionality. However, only a small part of the genome has been scanned by the low coverage (∼2 to 3X) sequence survey and further sequencing will be required to determine if any functional transferred sequences exist. Examination of the DNA contigs deposited in NCBI from genomic sequencing of a third Wolbachia-free filarial nematode, Loa loa, indicates past infection with Wolbachia in this filarial species also.
The mechanism by which the Wolbachia DNA entered the host nematode genomes is unknown. It may have involved the Wolbachia Type IV secretion system, which is capable of shuttling proteins and nucleoprotein complexes across membranes and known to facilitate gene transfer (Juhas et al. 2008) . After translocation, DNA may have been inserted into the host genome by transposable elements or using Wolbachia recombination systems. Remnants of retrotransposons and large poly(A) stretches found in some of the sequences (McNulty et al. 2010) suggest that some may be processed pseudogenes derived from mature mRNAs (Podlaha and Zhang 2009) . If this is correct, a Wolbachia homolog must have been expressed from the filarial genome at some time. Of interest is that approximately half of the degenerate gene fragments appear to be transcribed. By qRT-PCR mRNA expression was detected for 30 A. viteae and 56 O. flexuosa Wolbachia-like sequences and in situ hybridization of two of these sequences showed them to be specifically expressed in developing embryos and testes. The transcript levels of these Wolbachia insertions relative to functional nematode genes were not determined. However, Wolbachia gene sequences inserted into the Drosophila ananassae nuclear genome were shown to be transcribed at levels 10 4 to 10 7 less than the fly actin gene, but since there is no cut-off for biologically relevant transcription, which can vary widely both between genes and temporospatially, the significance of these transcribed Wolbachia genes remains unresolved (Hotopp et al. 2007 ). How these endosymbiont-free filarial species were able to loose their Wolbachia while in other species Wolbachia presence appears obligatory remains unknown. Are there additional unidentified but functional Wolbachia sequences that were transferred that could be the basis for allowing the "obligate" Wolbachia to be lost? Are any of the sequences involved in the symbiotic relationship?
10 Is the symbiotic relationship between Wolbachia and filarial nematodes exclusively an obligate mutualism?
As mentioned previously (Section 3), the accepted view of the symbiotic association between Wolbachia and their filarial nematode hosts is one of obligate mutualism. However, several lines of evidence call into question this generic designation, which may be an oversimplification for the group as a whole. For example, as discussed earlier, several filarial nematodes do not contain Wolbachia and some of these endosymbiont-free species, such as O. flexuosa and Litomosoides yutajensis, belong to genera that are otherwise infected with Wolbachia.
The absence of Wolbachia in certain filariae could reflect preservation of an ancestral condition or, alternatively, secondary loss of endosymbiont. Secondary loss of endosymbiont appears the most plausible explanation since in three Wolbachia-free species (O. flexuosa, A. viteae and L. loa), fragments of Wolbachia genes have now been identified in the nematode nuclear genomes by low coverage genomic sequencing, as discussed above, implying their ancestors were once infected. These multiple independent losses of Wolbachia are difficult to reconcile with an obligatory symbiosis (Fenn and Blaxter 2004b) . It might be argued that Wolbachia genes essential for filarial nematode survival have been incorporated into the genomes of the endosymbiont-free species by LGT, allowing subsequent loss of Wolbachia, but to date only degenerated, short Wolbachia gene fragments have been identified in such genomes. More extensive genomic sequencing of various Wolbachia-free filariae is required to fully address this topic.
Observations on Mansonella perstans and certain filarial nematodes infecting wildlife suggest a strict obligatory mutualism with Wolbachia may not occur in some of these species. Wolbachia-infected and Wolbachia-uninfected populations of M. perstans have been identified in different regions of Africa. (Keiser et al. 2008) . This is in contrast to the evidence from other Wolbachia-infected species in which all individual worms and populations contain Wolbachia as predicted for an obligatory association. The endosymbiont of M. perstans, when present, clusters with Wolbachia supergroup F, which predominantly contains arthropod Wolbachia, including the obligate mutualistic endosymbiont of bedbugs (Casiraghi et al. 2005; Hosokawa et al. 2010 ). It appears that a relatively recent transfer of an arthropod Wolbachia into some populations of M. perstans has occurred. Doxycycline treatment of M. perstans infections in an area where the nematodes carry Wolbachia resulted in a decreased microfilaremia suggesting that the endosymbiont has assumed some functions necessary for worm fecundity (Coulibaly et al. 2009 ). Members of the genus Cercopithifilaria generally have no Wolbachia but C. japonica from bears have been found to be infected (Bain et al. 2008 ). The endosymbiont is also a supergroup F Wolbachia, like that from Mansonella, and presumably was also acquired from an arthropod. It may be relevant that the Wolbachia within these filarial species cluster with arthropod Wolbachia in supergroup F, and that a relatively recent transfer of Wolbachia between these arthropod and nematode species is indicated (Casiraghi et al. 2005) . The apparent lack of complete saturation of Wolbachia in these few nematode species may therefore reflect a more recent arthropod origin where parasitism generally prevails (Werren 1997; Clark 2007) . Conceivably, Wolbachia do not form an obligate mutualism in those filarial species that appear to contain both infected and uninfected worms. However, antibiotic treatment leads to reduced microfilaremia in human infections with M. perstans in an area where the nematode population harbors Wolbachia (Coulibaly et al. 2009 ), indicative of mutualism.
It is difficult to reconcile anything other than an obligatory mutualism with the unequivocal anti-filarial effects of antibiotics on filarial nematodes harboring Wolbachia. One alternative possibility is that filarial nematodes have become genetically addicted to Wolbachia and have evolved in response to bacterial presence in their tissues. Some evidence for this scenario is provided by observation of an apparent mutualism between Wolbachia and the parasitic wasp, Asobara tabida. In this system, antibiotic curing of Wolbachia results in abnormal development of the ovaries (Dedeine et al. 2001) . The presence of Wolbachia in ovarian tissues of A. tabida dampens apoptotic processes so removal of the bacteria with antibiotics leads to increased death of ovarian cells through apoptosis (Pannebakker et al. 2007) . Although this particular bacteria-arthropod association has features of mutualism (Dedeine et al. 2001; Pannebakker et al. 2007) , it has also been interpreted as a case of genetic addiction where the wasp has evolved in response to Wolbachia presence (Werren et al. 2008) . However, the outward manifestations of such a genetic addiction and mutualism appear to be the same. A second possibility to account for the anti-filarial effects of antibiotics that has been discussed previously is that dying or dead bacteria are themselves toxic to the surrounding nematode tissues (Hoerauf et al. 1999; Bandi et al. 2001b; Taylor 2002; Taylor et al. 2005) . However, the authors of these reports note that clearance of Wolbachia from filarial tissues precedes detrimental effects on worm development by weeks and on viability by several months or even years. Furthermore, the mode of action of doxycycline is only bacteriostatic so there is no sudden release of bacterial components; rather just a natural attrition of the bacteria which fail to divide to maintain their population.
Despite uncertainties about whether the designation of obligate mutualism universally fits all Wolbachia-filarial nematode associations, the available evidence supports this form of symbiosis in the causative agents of human lymphatic filariasis and onchocerciasis. Anti-Wolbachia strategies are clearly feasible (Wanji et al. 2009 ) and offer exciting prospects for the development of new approaches towards filarial disease control.
Future directions / concluding remarks
Unlike many bacteria-invertebrate symbiotic associations where analysis of the genome sequences has exposed the metabolic provisioning between partners (Shigenobu et al. 2000; Moran et al. 2003; Wu et al. 2006 ), the precise nature of the association between Wolbachia and their filarial nematode hosts remains enigmatic. Even our traditional definition of Wolbachia as obligate mutualist in nematodes and reproductive parasites in arthropods is becoming less clear as more of these symbiotic relationships are investigated. Analysis of genome sequences from B. malayi and its Wolbachia endosymbiont has predicted candidate processes which may underlie the symbiotic relationship (Foster et al. 2005; Ghedin et al. 2007 ), but verification of these hypotheses requires detailed investigation. The study of Wolbachia-filarial nematode symbiosis stands at an exciting threshold as more genomic sequences are emerging and post-genomic technologies such as microarray analysis, proteomics, metabolomics and interactome studies are being developed to supplement biochemical and cell biology approaches. It is anticipated that in the coming years these investigations will unravel the determinants of the symbiotic relationship. Such knowledge should direct new avenues for developing therapies to treat the debilitating infections caused by filarial nematodes that remain a scourge across much of the tropical and sub-tropical world.
